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Objective The purpose of this study was to assess the diagnostic accuracy of TAG320 in predicting functional stenosis se-
verity evaluated by fractional flow reserve (FFR).
Background Coronary computed tomography angiography (CCTA) has limited specificity for predicting functionally significant
stenoses. Recent studies suggest that contrast gradient attenuation along an arterial lesion, or transluminal at-
tenuation gradient (TAG), may provide assessment of functional significance of coronary stenosis. The use of
320-detector row computed tomography (CT), enabling near isophasic, single-beat imaging of the entire coro-
nary tree, may be ideal for TAG functional assessment of a coronary arterial stenosis.
Methods We assessed the diagnostic accuracy of TAG320 using 320-row CCTA with FFR for the evaluation of functional
stenosis severity in consecutive patients undergoing invasive coronary angiography and FFR for stable chest
pain. The luminal radiological contrast attenuation (Hounsfield units [HU]) was measured at 5-mm intervals
along the artery from ostium to a distal level where the cross-sectional area decreased to 2.0 mm2. TAG320
was defined as the linear regression coefficient between luminal attenuation and axial distance. Functionally
significant coronary stenosis was defined as 0.8 on FFR.
Results In our cohort of 54 patients (age 62.7  8.7 years, 35 men, 78 vessels), TAG320 in FFR-significant vessels was sig-
nificantly lower when compared with FFR nonsignificant vessels (21 [27; 16] vs. 11 [16; 3] HU/10 mm,
p  0.001). On receiver-operating characteristic analysis, a retrospectively determined TAG320 cutoff of15.1
HU/10 mm predicted FFR 0.8 with (a bootstrapped resampled) a sensitivity of 77%, specificity of 74%, positive pre-
dictive value of 67%, and negative predictive value of 86%. The combined TAG320 and CCTA assessment had an
area under the curve of 0.88. There was incremental value of adding TAG320 to CCTA assessment for detection of
significant FFR by Wald test (p  0.0001) and integrated discrimination improvement index (0.11, p  0.002).
Conclusions Assessment of TAG320 with a 320-detector row CT provides acceptable prediction of invasive FFR and may provide a
noninvasive modality for detecting functionally significant coronary stenoses. Combined TAG320 and CCTA assess-
ment may have incremental predictive value over CCTA alone for detecting functionally significant coronary arterial
stenoses; however, larger studies are required to determine the benefit of combined TAG320 and CCTA
assessment. (J Am Coll Cardiol 2013;61:1271–9) © 2013 by the American College of Cardiology Foundation
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CT Attenuation Gradient and FFR March 26, 2013:1271–9Coronary computed tomography
angiography (CCTA) is an ac-
curate noninvasive method for
detection and exclusion of obs-
tructive coronary artery disease
(1,2). However, CCTA has been
shown to have limited specificity
for predicting functionally signif-
icant stenoses (3). Although new
techniques have been recently es-
tablished to enhance detection
for functionally significant steno-
ses, including the use of computed
tomography (CT), fractional flow
reserve (FFR), and CT stress per-
fusion imaging, these may require
See page 1280
additional expertise, cost, and/or
radiation exposure (4,5). Assess-
ment of the change in intraluminal
contrast attenuation across a coro-
nary stenosis on CT may allow
prediction of functionally signifi-
cant stenoses with no additional
radiation exposure, contrast, or
complex computation technique. Recent studies have exam-
ined the kinetics of iodinated contrast media across coronary
artery stenoses (6,7). Transluminal attenuation gradient
(TAG), defined as the gradient of intraluminal radiological
attenuation (Hounsfield units [HU]), is a novel index that has
been shown to improve classification of coronary artery stenosis
severity in coronary CCTA, especially in calcified lesions (6). A
20-detector row CT, enabling near isophasic, single-beat
maging of the entire coronary tree, may be ideal for
AG320 functional assessment of a coronary arterial ste-
osis (8). Meanwhile, another methodology called “coro-
ary opacification” (CO) difference, defined as the HU
ifference across a stenosis, was demonstrated to predict
bnormal (Thrombolysis In Myocardial Infarction flow
rade 3) resting coronary blood flow (7). However, no
tudy has compared these methodologies with fractional
ow reserve (FFR), which is the gold standard for assess-
ent of functional significance of coronary stenoses (9).
ur primary aim was to assess the diagnostic accuracy of
AG320 and CO difference assessed by 320-detector row
T compared with invasive FFR.
ethods
atients. We examined consecutive patients who under-
ent CCTA and FFR assessment within 2 months, be-
ween May 2009 and February 2010. Patients with more
han 50% stenosis in the left main coronary artery, branch
Abbreviations
and Acronyms
BMI  body mass index
CCTA  coronary
computed tomography
angiography
CI  confidence interval
CO  contrast
opacification
FFR  fractional flow
reserve
HU  Hounsfield units
IDI  integrated
discrimination improvement
MDCT  multidetector
computed tomography
NPV  negative predictive
value
PPV  positive predictive
value
QCA  quantitative
coronary angiography
ROI  region of interest
TAG  transluminal
attenuation gradientessel disease, distal vessel disease that was 2 mm in wiameter, chronic total occlusions, myocardial infarction
ithin 3 months, history of coronary artery bypass grafting,
r intractable heart failure were not included. The study was
pproved by the Monash Medical Centre Human Research
thics Committee.
nvasive coronary angiography and FFR. Invasive coro-
ary angiography was performed per standard clinical prac-
ice via a femoral or radial approach. The pressure wire
Pressure Wire 5; Radi Medical Systems, Uppsala, Sweden)
as calibrated and electronically equalized with the aortic
ressure before being placed distal to the stenosis in the
istal third of the coronary artery being interrogated. Intra-
oronary glyceryl trinitrate (100 g) was injected to mini-
ize vasospasm. Intravenous adenosine was administered
140 g/kg/min) via an intravenous line in the antecubital
fossa. At steady-state hyperemia, FFR was assessed using
the RadiAnalyser Xpress (Radi Medical Systems), calcu-
lated by dividing the mean coronary pressure measured with
the pressure sensor placed distal to the stenosis by the mean
aortic pressure measured through the guide catheter. FFR of
0.8 was taken to define ischemia in the interrogated artery
and its supplied territory (10,11).
Quantitative coronary angiography. Quantitative coro-
nary angiography (QCA) was performed on all coronary
arteries of 1.5 mm diameter using a 19-segment coronary
model (12). This was performed using a semiautomated
edge detection system (Xcelera Cath R3.2, Phillips, Am-
sterdam, the Netherlands) by an experienced cardiologist
(B.K.) who was blinded to FFR and CT findings.
CT protocol. Cardiovascular medications were ceased 48
hours before CCTA apart from beta-blockers. On arrival,
an 18-gauge intravenous line was inserted in the right
antecubital vein for administration of contrast. Oral and/or
intravenous metoprolol was given if the resting heart rate
was 65 beats/min. Patients were scanned on a 320-
detector row CT scanner (Aquilion ONE, Toshiba Medical
Systems, Tokyo, Japan). The scan was acquired during
injection of 55 ml of 100% iohexal 56.6 g/75 ml (Om-
nipaque 350; GE Healthcare, Waukesha, Wisconsin) at 5
ml/s, followed by 20 ml of a 30:70 mixture of contrast and
saline, followed by 30 ml of saline. Scanning was triggered
in the arterial phase using automated contrast bolus tracking
with the region of interest (ROI) placed in the descending
aorta and automatically triggered at 300 HU. Dose-
modulated retrospective electrocardiogram gating was used
in the initial 5 patients of the study period. Prospective
electrocardiogram gating was used in the remaining pa-
tients, covering 70% to 80% of the R–R interval.
Scanning parameters were detector collimation 320 0.5
mm; tube current 300 to 500 mA (depending on body mass
index [BMI]); tube voltage 120 kV if the BMI is 25 (100
kV if BMI 25 kg/m2); gantry rotation time 350 ms; and
emporal resolution 175 ms. Prospective electrocardiogram
ating was used covering 70% to 80% of the R–R interval.
or images acquired at heart rates 65 beats/min, scanning
as completed within a single R–R interval using a 180-
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March 26, 2013:1271–9 CT Attenuation Gradient and FFRdegree segment. In patients with a heart rate 65 beats/
min, data segments from 2 consecutive beats were used for
multisegment reconstruction with improved temporal reso-
lution of 87 ms. Images were reconstructed using the filtered
back-projection technique with the FCO3 algorithm.
Coronary artery analysis in CCTA. CT angiographic
images were analyzed on a dedicated workstation (Vitrea
FX 2.0, Vital Images, Minnetonka, Minnesota) by 2 expe-
rienced CT angiographers (M.L. and Y.M.) blinded to
QCA and FFR results. The CT angiographers read inde-
pendently of each other, and discrepant readings were
reconciled by consensus. Image quality was determined by a
3-point scale: 1 poor, 2moderate, 3 good (M.L. and
Y.M.). All segments 1.5 mm were analyzed using the
same 19-segment coronary model for QCA (12). Each
coronary segment was visually assessed for degree of luminal
stenosis, and a vessel was considered significant if there was
1 segment that was nonevaluable or with a 50% luminal
stenosis.
Transluminal attenuation gradient. The centerline was
determined for each major coronary artery and manually
corrected if necessary. Cross-sectional images perpendicular
to the vessel centerline were then reconstructed. The ROI
contour (size  1 mm2) was positioned in the center of the
cross-sectional images. The position of the ROI was man-
ually adjusted. The mean HU was measured at 5-mm
intervals, from the ostium to a distal level where the
cross-sectional area decreased to 2.0 mm2. TAG320 was
etermined from the change in HU per 10-mm length of
oronary artery and defined as the linear regression coeffi-
ient between intra-HU and length from the ostium (mil-
imeters) (6) (Figs. 1 and 2).
The stenosis and plaque characteristics were classified in
ach lesion. Vessels were classified as noncalcified if the
ost stenotic segment was noncalcified. Vessels were clas-
ified as calcified if the most stenotic segment was calcified
r partially calcified.
ontrast opacification difference. By using the same
ethod as TAG320, the CO (maximum, mean, and min-
mum) differences across stenoses were calculated as the
hange between CO proximal to the stenosis and CO distal
o the coronary stenosis:
i. CO maximum difference  pre-stenosis CO max –
post-stenosis CO max
ii. CO mean difference  pre-stenosis CO mean – post-
stenosis CO mean
ii. CO minimum difference  pre-stenosis CO min –
post-stenosis CO min
tatistical analysis. Continuous variables are expressed as
ean  SD or median (quartiles) as appropriate, whereas
ategoric variables are expressed as percentage. Continuous
nd categoric variables were compared using the Student t,
ann-Whitney, or chi-square test as appropriate. Because
f the repeated-measures nature of the study, a generalized
stimating equation approach was used assuming a binomial arobability distribution. To yield more realistic point esti-
ates and confidence intervals (CIs) for measures of diag-
ostic performance, the sensitivity, specificity, positive pre-
ictive value (PPV), and negative predictive value (NPV) of
ultidetector computed tomography (MDCT) parameters
or identifying FFR 0.8 were bias-adjusted by bootstrap
esampling with replacement 200 times from the sample
Figure 1 Representative Example of Right Coronary Artery
With Normal TAG320 and FFR Measurements
(A) Right coronary artery with minimal obstructive plaque burden imaged by
invasive coronary angiography. (B) Right coronary artery with minimal obstruc-
tive plaque burden imaged by CCTA. (C to E) Axial and representative cross-
sectional views with corresponding luminal attenuation (HU) of CCTA. (G) Black
triangular dots represent 5-mm intervals at which intraluminal attenuation (HU)
was measured. TAG320 is shown. The TAG320 was 2.9, and the FFR was
0.91. FFR  fractional flow reserve; HU  Hounsfield units; TAG  translumi-
nal attenuation gradient.nd are reported with 95% CIs.
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CT Attenuation Gradient and FFR March 26, 2013:1271–9Receiver-operating characteristic analysis was per-
formed to identify cutoff value that maximized the sum of
sensitivity and specificity of TAG320, CO (maximum,
mean, minimum) differences, and CCTA in predicting
FFR 0.8. Given the likelihood that these MDCT
Figure 2
Representative Example of Left Anterior Descending
Artery With Abnormal TAG320 and FFR
Measurements
(A) Left anterior descending artery with significant obstructive plaque bur-
den imaged by invasive coronary angiography. (B) Left anterior descending
artery with significant obstructive plaque burden imaged by CCTA. (C to G)
Axial and representative cross-sectional views with corresponding luminal
attenuation (HU) of CCTA. (H) Black triangular dots represent 5-mm inter-
vals at which intraluminal attenuation (HU) was measured. TAG320 is
shown. The TAG320 was 38.3, and the FFR was 0.76. Abbreviations as in
Figure 1.parameters might be interrelated, multicollinearity wasassessed by the variance inflation factor (13). A variation
inflation factor 10 implies significant multicollinearity.
The incremental value in adding TAG320 to CCTA in
discriminating significant FFR was assessed by 2 methods.
First, the incremental value of TAG320 to CCTA for
predicting FFR was evaluated using the Wald test following
generalized estimating equation modeling. Second, the
incremental clinical utility of measuring TAG320 was
assessed using the integrated discrimination improvement
(IDI) index as described by Pencina et al. (14):
IDI  (ISnew  ISold)  (IPnew  IPold) and
relative IDI  (ISnew  IPnew)/(ISold  IPold)
here the “new” subscript refers to a model containing a
ovel diagnostic tool of interest in addition to conventional
isk predictors, and “old” pertains to the model containing
nly the conventional risk markers. IS and IP are the
ntegrals of sensitivity and (1  specificity), respectively. In
ddition, the category-free net reclassification index for
dentification of FFR0.8 using TAG320 over CCTA was
alculated (14). Internal model validation was undertaken by
erivation of optimism-adjusted Harrell’s c-statistic follow-
ng bootstrap resampling with replacement 200 times.
Statistical analysis was performed with SPSS 18.0 (SPSS,
nc., Chicago, Illinois) and STATA 12.1 (StataCorp, Col-
ege Station, Texas). A p value 0.05 was considered
tatistically significant.
esults
linical characteristics. Sixty-seven consecutive patients
ho underwent clinically indicated coronary angiography,
FR, and CCTA were screened. Patients with nonevaluable
egments in all 3 coronary arteries due to significant artefact
n  8) and branch or small vessel disease (n  5) were
excluded. A total of 54 patients (age 62.7  8.7 years; 65%
were men) formed the basis of this report. Patient charac-
teristics are summarized in Table 1. The mean estimated
radiation effective dose in our study was 5.7 mSv. This was
estimated by using the scanner-reported dose-length prod-
uct multiplied by a conversion factor of 0.014 (15). The CT
scan parameters are summarized in Table 2.
Fractional flow reserve. FFR was performed successfully
in all 54 patients, involving 78 vessels (40 left anterior
descending arteries, 14 left circumflex arteries, and 24 right
coronary arteries). Thirty-four patients (63%), 16 patients
(30%), and 4 patients (7%) received FFR interrogation in
1-vessel territory, 2-vessel territories, and 3-vessel territo-
ries, respectively. Overall FFR reading ranged from 0.33 to
1.0 (mean, 0.80 0.15). Thirty vessels (38%) were classified
as functionally significant with FFR 0.8, whereas 48
vessels had FFR 0.8.
Accuracy of invasive QCA compared with FFR. On a
per vessel basis, 28 (36%) vessels had 50% stenosis on
QCA, whereas 11 vessels (14%) had 70% stenosis. When
diameter stenoses on QCA 50% and 70% were chosen to
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March 26, 2013:1271–9 CT Attenuation Gradient and FFRdenote significant stenoses, the bootstrapped sensitivity,
specificity, PPV, and NPV were 61% (45% to 78%) and 29%
(13% to 45%); 81% (69% to 93%) and 96% (90% to 100%);
68% (50% to 86%) and 82% (57% to 100%); and 76% (64%
to 88%) and 67% (57% to 77%), respectively (Table 3).
Accuracy of CCTA compared with FFR. In the vessels
interrogated with FFR, 45 (58%) were identified to have
50% on CCTA. The bootstrapped sensitivity, specificity,
PPV, and NPV of CCTA for the identification of FFR
significant stenoses were 94% (82% to 100%), 66% (54% to
82%), 64% (48% to 79%), and 94% (82% to 100%),
respectively (Table 3).
Accuracy of TAG320 compared with FFR. Median
TAG320 in FFR-significant vessels was significantly lower
when compared with nonsignificant vessels (21 [27;
16] vs. 11 [16; 3] HU/10 mm, p  0.001). The
elationship between TAG320 and FFR is presented in
igure 3. A TAG320 cutoff of15.1 HU/10 mm predicted
FR 0.8 with a bootstrapped sensitivity of 77% (65% to
5%), specificity of 74% (62% to 86%), PPV of 67% (43% to
0%), and NPV of 83% (72% to 95%) (Table 3).
mpact of plaque composition on the accuracy of
AG320 compared with FFR. Of the 78 vessels, 54 were
lassified as calcified and 24 were classified as noncalcified.
n the generalized estimating equation model, the associa-
ion between CCTA and TAG320 with FFR 0.8 re-
ained significant after adjustment for arterial calcification.
he predictive value of TAG320 and CCTA for FFR was
ndependent of the presence of coronary calcification when
alcification was subsequently included in the model as a
tand-alone covariate (p  0.001 for both TAG320 and
CTA). The predictive value of TAG320 of FFR0.8 was
lso independent of scan type (1 vs. 2 beat) on a generalized
Patient Characteristics (n  54)Table 1 Patient Characteristics (n  54)
Age (yrs) 62.7 8.7
Gender (M/F) 35/19
Diabetes 9 (17%)
Hypertension 38 (70%)
Hypercholesterolemia 38 (70%)
Current smoker 9 (17%)
Family history of IHD 27 (50%)
Previous MI 5 (9%)
Previous PCI 5 (9%)
Medications
Aspirin 52 (96%)
Clopidogrel 27 (50%)
Beta-blocker 26 (48%)
ACEI 14 (26%)
ARB 7 (13%)
Statin 44 (81%)
Calcium channel blocker 18 (33%)
Values are mean  SD, or n (%).
ACEI  angiotensin-converting enzyme inhibitor; ARB  angiotensin receptor blocker; IHD 
ischemic heart disease; MI myocardial infarction; PCI  percutaneous coronary intervention.stimating equation model (p  0.035). dccuracy of contrast opacification difference compared
ith FFR. CONTRAST OPACIFICATION DIFFERENCES. CO
MAXIMUM DIFFERENCE. The CO maximum difference in
FFR-significant vessels was significantly higher when com-
pared with nonsignificant vessels (113 [44; 171] vs. 22
[19; 76] HU, p  0.001). A CO maximum difference
cutoff of 58 HU predicted FFR 0.8 with a bootstrapped
sensitivity of 65% (47% to 82%), specificity of 68% (58% to
83%), PPV of 57% (36% to 74%), and NPV of 74% (60% to
88%) (Table 3).
CO MEAN DIFFERENCE. The CO mean difference in FFR-
significant vessels was significantly higher when compared
with nonsignificant vessels (113 [54; 173] vs. 18 [14; 84]
HU, p  .001). A retrospectively determined CO mean
difference cutoff of 55 HU predicted FFR 0.8 with a
bootstrapped sensitivity of 74% (58% to 91%), specificity of
66% (55% to 82%), PPV of 60% (39% to 74%), and NPV of
79% (62% to 92%) (Table 3).
CO MINIMUM DIFFERENCE. The CO minimum difference in
FFR-significant vessels was significantly higher when com-
pared with nonsignificant vessels (113 [45; 175] vs. 59 [2.8;
110] HU, p  0.011). A retrospectively determined CO
minimum difference cutoff of 49 HU predicted FFR 0.8
with a bootstrapped sensitivity of 77% (55% to 90%,
specificity of 47% (30% to 62%), PPV of 48% (29% to 63%),
and NPV of 76% (60% to 91%) (Table 3).
Comparison of TAG320, CO difference, and CCTA in
predicting FFR. Multivariate generalized estimating equa-
tion analysis was undertaken to determine which if any of
TAG320, CO difference, or CCTA was independently
associated with FFR 0.8. In this analysis, CO mean was
used and CO maximum and minimum were omitted for the
purposes of model parsimony and because of significant
Computed Tomography Scan ParametersTable 2 Computed Tomography Scan Parameters
Parameter CCTA
Heart rate (beats/min) 55.3 7.1
Sinus rhythm 54 (100%)
Beta-blocker use
Oral metoprolol 38 (70%)
Intravenous metoprolol 12 (22%)
ECG gating
Prospective 49 (91%)
Retrospective 5 (9%)
Gantry rotation
1 49 (91%)
2 5 (9%)
Tube volTAG320e (kV)
100 kV 10 (19%)
120 kV 44 (81%)
Tube current (mAs) 467.3 373.1
Dose length product (mGy-cm) 357.6 317.2
Estimated radiation effective dose (mSv) 5.7 5.2
Image quality (using subjective 3-point scale) 2.3 0.7
Values are mean  SD, or n (%).
CCTA coronary computed tomography angiography; ECG electrocardiogram; SD standard
eviation.
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CT Attenuation Gradient and FFR March 26, 2013:1271–9multicollinearity among the 3 CO variables (variance infla-
tion factor 10.5). This regression identified TAG320 (co-
efficient 0.099, 95% CI: 0.17 to 0.027, p  0.07) and
CTA (coefficient 2.9, 95% CI: 1.3 to 4.5, p  0.001) as
independently predictive of FFR, whereas CO mean differ-
ence was not (coefficient 0.00581, 95% CI: 0.0017 to
0.013, p  0.128). This finding implies that most of the
observed variation in FFR is related to the presence of
CCTA stenosis and TAG320. The nonsignificance of CO
difference if TAG320 is measured may reflect the fact that
TAG320 represents a more refined index of a similar
imaging signal for functional coronary stenosis significance.
Incremental value of adding TAG320 to CCTA in
discriminating significant FFR. There was convincing
evidence of the incremental value of adding TAG320 to
CCTA assessment for detection of significant FFR by the
Wald test (p  0.0001). This is further supported by the
IDI index. The IDI for the addition of TAG320 to CCTA
for detection of significant FFR was 0.11 (p  0.002). The
relative IDI was 31%, and the category-free net reclassifi-
cation index was 0.65 (p  0.005). We undertook further
analysis to investigate whether the improved discriminatory
ability of TAG320 was related to improvement in sensitivity
Per Vessel Territory Diagnostic Accuracy of Coronary Computed ToGradi nt, Cont ast Opacifica on Difference (Maximum, Mean, andCompared With Fractional Flow Reserve (N  78)
Table 3
Per Vessel Territory Diagnostic Accuracy of Coronary C
Gradient, Contrast Opacification Difference (Maximum
Compared With Fractional Flow Reserve (N  78)
CCTA DS
>50%
TAG320
<15.1 HU/10 mm
CO Max
>58 HU
Sensitivity (%) 94 (82–100) 77 (65–95) 65 (47–8
Specificity (%) 66 (54–82) 74 (62–86) 68 (58–8
PPV (%) 64 (48–79) 67 (43–80) 57 (36–7
NPV (%) 94 (82–100) 83 (72–95) 74 (60–8
CCTA  coronary computed tomography angiography; CO  coronary opacification; DS  diamet
NPV  negative predictive value; PPV  positive predictive value; QCA  quantitative coronary an
Figure 3 Scatter Plot Showing the
Relationship Between TAG320 and FFR
The correlation coefficient between TAG320 and FFR was 0.43 (p  0.001).
FFR  fractional flow reserve; TAG  transluminal attenuation gradient.ror specificity by examining the constituent parts of the IDI
index. The measurement of TAG320 in addition to CCTA
resulted in (ISnew  ISold) of 0.076 (95% CI: 0.018 to 0.13)
and (IPnew  IPold) of 0.048 (95% CI: 0.094 to
0.001), indicating that TAG320 assessment significantly
mproves both sensitivity and specificity to detect clinically
elevant reduction in FFR.
The optimism-adjusted Harrell’s c-statistic for TAG320
n addition to CCTA for the prediction of FFR 0.8 was
.88 (95% CI: 0.81 to 0.96, p  0.001). Post-estimation
esting indicated that TAG320 in addition to CCTA
ontributed incremental predictive value to CCTA alone
coefficient 0.086, 95% CI: 0.0046 to 0.17, p  0.04).
nterobserver variability for TAG320 analysis. The in-
erobserver variability for TAG320 analysis was highly
eproducible between observers in 10 randomly selected
essels. The intraclass correlation coefficient was 0.9 (p 
.001).
iscussion
he current study has demonstrated for the first time the
iagnostic accuracy of TAG320 and CO differences on a
20-detector row CT compared with an invasive functional
tandard: FFR. We have also illustrated the incremental
alue of adding TAG320 to CCTA in discriminating
unctionally significant coronary arterial stenoses.
The prognostic value of functional coronary lesion
everity assessed by invasive FFR over anatomic evalua-
ion by coronary angiography has been demonstrated in
he FAME (Fractional Flow Reserve [FFR] versus An-
iography in Multivessel Evaluation) study (11). How-
ver given the invasive nature of FFR, a noninvasive
pproach has gained momentum. Previous studies have
ssessed combined CCTA and CT perfusion as a method
o provide both anatomic and functional assessment of
oronary stenoses (4,16). Nonetheless, this assessment
equires 2 separate (stress and rest) scans that require
dditional radiation exposure and contrast. More re-
ently, computation of FFR from CCTA (CT-FFR) was
escribed in the DISCOVER-FLOW (Diagnosis of
schemia-Causing Stenoses Obtained Via Noninvasive
ractional Flow Reserve) study (5). Although the study
aphy Angiography, Transluminal Attenuationum), and Qu ntitative Coronary Angiographyuted Tomography Angiography, Transluminal Attenuation
n, and Minimum), and Quantitative Coronary Angiography
CO Mean
>55 HU
CO Min
>49 HU
QCA DS
>50%
QCA DS
>70%
74 (58–91) 77 (55–90) 61 (45–78) 68 (50–86)
66 (55–82) 47 (30–62) 29 (13–45) 82 (57–100)
60 (39–74) 48 (29–63) 81 (69–93) 76 (64–88)
79 (62–92) 76 (60–91) 96 (90–100) 67 (57–77)
osis; HU  Hounsfield units;
phy; TAG  transluminal attenuation gradient.mogrMinimomp
, Mea
2)
3)
4)
8)esult has been encouraging, this technique requires
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puter. In addition, not all patients with angina could be
assessed by this technique. This study excluded patients
with rest angina because one of the key principles of
CT-FFR is that coronary supply meets myocardial de-
mand at rest. Similar to CT-FFR, TAG can be applied in
any resting CCTA study. It does not require any modi-
fication of CCTA protocol, has no exclusion criteria for
patients with rest angina, and has relatively simple
analysis without the need of a parallel supercomputer,
representing an extension to the possibility of noninva-
sive functional assessment of coronary stenoses.
TAG320, CO differences, and CCTA assessment on
320-detector row CT. The assessment of contrast opaci-
fication gradient on a 320-detector row CT has been
demonstrated (8). This is the first study to report
assessment of TAG320 and CO differences on 320-
detector row CT. Previous TAG (6) and CO difference
(7) studies have been reported using 64-slice MDCT,
which is limited by its inherent longitudinal axis coverage
of 4 cm. The use of a 320-detector row scanner allows the
longitudinal axis to increase from 4 to 16 cm, which in
most instances enabled the entire heart volume to be
imaged in a single gantry rotation and a breath-hold time
of 1 to 2 s. TAG and CO differences depend on the
luminal attenuation values, the time-density curve of the
intravascular contrast agent, and the scanning time.
Therefore, 320-detector row CT, enabling near isopha-
sic, single-beat imaging of the entire coronary tree, may
be ideal for TAG320 and CO difference functional
assessment of coronary arterial stenoses. Single-beat im-
aging on 320-detector row CT allows temporal contrast
in the entire volume of the heart and eliminates step
registration artefacts. These features may minimize dis-
tortions in TAG and CO difference values, which may be
encountered using earlier generation 64-detector row
CT. The methodology for TAG320 measurement in our
study is similar to that of Choi et al. (6), who assessed
TAG on 64-slice MDCT against angiographic binary
stenosis. Meanwhile, the methodology for CO difference
in our study was a rigorous analysis using fixed-interval
ROI HU measurements extending the entire coronary
tree, as has been described by Steigner et al. (8). This is
in contrast to the study by Chow et al. (7), which used
only 6 ROI HU (2 pre- and 4 post-stenoses) measure-
ments on a 64-slice MDCT. This method, as acknowl-
edged by the authors, is less rigorous and therefore may
be inferior compared with the methodology performed in
our study.
FFR as reference standard. Because TAG was previously
assessed only against angiographic binary stenoses, valida-
tion of whether TAG can predict functionally significant
stenosis is required and was the purpose of this study. We
chose FFR as our reference standard, which is the estab-
lished gold standard invasive method to assess the hemo-
dynamic significance of coronary stenoses. We chose thevalue of 0.8 on FFR as the cutoff because the absence of
ischemia associated with FFR 0.8 has a predictive accu-
racy of 95% (10).
Diagnostic accuracy of TAG320, CO differences, and
CCTA for predicting significant FFR. The current study
examined the diagnostic accuracy of TAG320 and CO
(maximum, mean, minimum) differences in predicting func-
tionally significant coronary stenoses. Of the CO differ-
ences, CO mean difference with a cutoff of55 HU had the
best diagnostic accuracy with a sensitivity of 74% and
specificity of 66%. On the other hand, TAG320 with a
cutoff of 15.1 HU/10 mm has a sensitivity of 77% and
specificity of 74%. The CO differences in proximal versus
distal coronary artery opacification has been evaluated on
320-detector row CT (17). However, the diagnostic accu-
racy of CO differences for detecting functionally significant
coronary stenoses has never been compared with TAG320.
An explanation of the difference in diagnostic accuracy
between TAG320 and CO differences may be that the
measurement of gradients across coronary stenoses is inher-
ently more robust than opacification differences. The gra-
dient across a lesion is normalized for the length of lesion in
question in the TAG320 methodology. However, this is not
accounted for in the potentially more convenient CO
differences methodology. In addition, although the CO
difference methodology may offer the convenience of using
2 attenuation measurements before and after the lesion of
interest, it may be more susceptible to image noise and
artefacts.
The sensitivity and specificity of CCTA in our study were
94% and 66%, respectively. This is despite the high fre-
quency of calcified lesions (69%). The diagnostic accuracy of
CCTA in our study is comparable to that in the study by
Meijboom et al. (3), who reported sensitivity, specificity,
and diagnostic accuracy of 94%, 48%, and 64%, respectively,
for CCTA in detecting FFR 0.8.
Incremental value of TAG320 to CCTA for predicting
significant FFR. It is widely acknowledged that ana-
tomic stenosis poorly predicts hemodynamic and func-
tional significance of coronary artery stenoses, particu-
larly in lesions with moderate stenoses (18,19). The
anatomic accuracy of CCTA is further limited by subop-
timal temporal resolution, spatial resolution, blooming
artefact, and beam-hardening artefact from coronary
calcification. The current study has demonstrated that
combined functional and anatomic assessment of coro-
nary artery stenosis is possible in a simple imaging
procedure and has incremental diagnostic value in detect-
ing functionally significant coronary arterial stenoses. As
highlighted, the area under the curve to detect FFR 0.8
for combined TAG320 and CCTA assessment increased
to 0.89 compared with TAG320 alone (0.814) or CCTA
(0.79) alone (Fig. 3). The radiation dose for this com-
bined assessment was mean 5.7 mSv in our study. This is
significantly lower than CT protocols, which require
additional stress perfusion imaging. The radiation dose
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is another methodology potentially providing combined
anatomic and functional significance of coronary arterial
stenoses, using a 320-detector row CT ranges from 11.3
to 13.8 mSv (4,20). Furthermore, the diagnostic accuracy
of TAG320 was not affected by coronary calcification,
which is particularly useful because CCTA is limited in
accuracy when lesions are calcified. Because previous
studies have shown that functional assessment has incre-
mental prognostic value over anatomic assessment alone
(9), further studies to assess the prognostic benefit of
combined TAG320 and CCTA are warranted.
Study limitations. Our results represent a retrospective
single-center experience involving 54 patients and thus
require confirmation with larger multicenter studies.
Although TAG320 analysis has incremental value when
added to CCTA, generating the linear regression coeffi-
cient between luminal attenuation and axial distance
remains time-consuming. A semiautomated program al-
lowing instantaneous TAG320 analysis would be re-
quired for this methodology to be adopted in routine
clinical practice. In our study, TAG320 was computed in
major epicardial vessels derived from attenuation values
taken at points of the artery with a cross-sectional area
2.0 mm2 (or diameter 1.6 mm). The value in the use
of attenuation values at smaller luminal sizes or in major
vessels with severe distal vessel or branch disease is not
known. Therefore, we acknowledge that the application
of TAG320 in smaller vessels may be a limitation. This
study also excluded vessels with chronic total occlusions;
thus, the applicability of TAG 320 in these vessels is not
known. The TAG320 cutoff value of 15.1 in our study
was retrospectively determined from receiver-operating
characteristic curve analysis, which may lead to overesti-
mation of its predictive value. In addition, the TAG320
cutoff value from our study may not be generalized for
studies performed on other MDCT scanners with differ-
ent scanning techniques because the value may differ. In
addition, the utility of TAG320 also needs to be vali-
dated using more current acquisition and reconstruction
protocols, such as the model-based iterative reconstruc-
tion algorithm (“AIDR-3D”).
Conclusions
Assessment of TAG320 with a 320-detector row CT
provides acceptable prediction of invasive FFR and may
provide a noninvasive modality for detecting functionally
significant coronary stenoses. Combined TAG320 and
CCTA assessment has incremental predictive value over
CCTA alone for detecting functionally significant coronary
arterial stenoses. Larger studies are required to determine
the diagnostic and prognostic value of combined TAG320
and CCTA assessment.Reprint requests and correspondence: Dr. Sujith K. Senevi-
ratne, Monash Heart, Monash Medical Centre, Cardiology,
246 Clayton Road, Clayton, Victoria 3168, Australia. E-mail:
sujith.seneviratne@southernhealth.org.au.
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